1976. -Myocardial ischemia was produced in dogs by occluding the descending coronary artery. NAD decreased in the ischemic tissue taken 2 h after the arterial ligature, and an equivalent amount of nicotinamide was detected instead. A further breakdown occurred when fragments of ischemic and nonischemic tissue were incubated at 37°C. In contrast, NAD concentration remained unchanged for as long as 60 min in incubated fragments from normal heart. When normal tissue was homogenized, an immediate hydrolysis of NAD was observed with the formation of stoichiometric amounts of nicotinamide. An excess of nicotinamide completely inhibited the NAD degradation. The NAD glycohydrolase activity assayed in vitro was similar in normal, ischemic, and nonischemic cardiac homogenates. The conclusions are that the NAD loss in the ischemic heart is due to the tissue NAD glycohydrolase activity and that the cell disorganization provoked by the occlusion of the coronary artery seems to facilitate the reaction between the substrate and the enzyme. myocardial infarction; ischemic and nonischemic cardiac tissues; dog heart; nicotinamide STUDIES PREVIOUSLY CARRIED OUT in our laboratory showed that nicotinamide adenine dinucleotides (NAD, NADH,, NADP, and NADPH,) levels decrease in myocardial dog tissue after the ligature of a coronary artery while no significant changes occur in the concentration of these compounds in blood taken from the coronary sinus (16). The purpose of the present work was to seek an explanation for the low levels of NAD in dog ischemic cardiac muscle. We looked for NAD glycohydrolase (NADase) activity analogous to that previously described in hearts from rats (11, IS), guinea pigs (7), mice (20), and rabbits (9).
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MATERIALS AND METHODS
Myocardial infarction was provoked in eight mongrel dogs anesthetized with intravenous sodium pentobarbital (30 mg/kg body wt). After tracheal intubation, the animals were artificially ventilated with a Palmer respirator pump. A left thoracotomy was performed at the level of the fourth intercostal space and the left descending coronary artery occluded near its origin. Through the femoral vein the animals received 250 ml of 0.9% (wt/vol) NaCl 1 t' so u ion initially, and during the rest of the experiment a 10% (wt/vol) glucose solution at the flow rate of 60-70 ml/h (Holter pump RL75). The dogs were kept anesthetized by sporadic intraperitoneal injections of pentobarbital (128 mg). Sodium penicillin G (l,OOO,OOO U) a d w s a ministered before surgery and 12 h later. The pericardium and the thorax were sutured only in those animals maintained alive for 24 h. Before excision of the heart the ischemic portion in the anterior wall and the nonischemic region in the posterior wall of the left ventricle were delimited on the basis of unipolar epicardial electrocardiographic records (4). Four of the animals were sacrificed at 2 h and the other four at 24 h after the arterial occlusion.
Hearts from 45 anesthetized dogs were used as normal cardiac tissue.
Normal and infarcted hearts were immersed in icecold 0.25 M sucrose immediately after their removal, and then 80 ml of a sucrose solution were perfused to each heart through the left and right coronary arteries. Tissue samples were blotted with filter paper and fragments from them cut with a cork borer.
The stability of endogenous NAD and nicotinamide was studied in whole fragments and in homogenates of myocardium. Fragments of normal, nonischemic and ischemic tissue weighing approximately 1 g were placed in glass cylinders and incubated at 37°C in a water bath. The time 0 fragments were received in beakers containing 8 ml of an ice-cold mixture of 5% (wt/vol) perchloric acid and 0.125 M sucrose, minced with scissors, and homogenized for 3 min at ice-water temperature. At the completion of the varying incubation times an additional acid homogenate was similarly prepared from each fragment. Homogenates for the study of the stability of both compounds were prepared from normal hearts as follows. A 4-g sample was cut into smaller pieces with scissors in 16 ml of each of the following three ice-cold mediums: 0.25 M sucrose, 0.50 M nicotinamide, and 1.5 M nicotinamide. The concentration of the nicotinamide solutions was adjusted to the tissue sample wet weight (1.5 and 4.5 mmol/g, respectively). The minced tissue was homogenized during a 90-s disintegration period in an all-glass homogenizer immersed in a NaCl ice-cooling mixture. Three milliliters of each suspension were immediately received in an equal volume of ice-cold 10% perchloric acid and additional sam-NtiT;JEZ ET AL.
ples were inactivated after varying times of incubation. Studies were conducted at various incubation temperatures with endogenous or exogenous NAD.
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The activity of NADase was measured in homogenates prepared from normal hearts and from ischemic and nonischemic tissue samples. One gram of tissue was homogenized in 20 ml of ice-cold 0.25 M sucrose and the enzymatic assay was done as follows: 2 ml of 0.10 M sodium phosphate buffer at pH 7.4 and 7 ml of homogenate were preincubated for 3 min at 37°C. The reaction was started by the addition of 1 ml of 0.01 M NAD (Calbiochem, 481911), pH 7. The final pH of the incubation mixture was approximately 7 and the optimal enzymatic activity occurred in the 5.5-8.0 pH range. A 2-ml sample was withdrawn immediately after mixing and discharged into 4 ml of ice-cold 8% perchloric acid. A second sample was inactivated 15 min later. min NAD and nicotinamide were measured in all the acid extracts. NAD was estimated enzymatically (6) by transferring 0.4-l ml of each acid extract into IO-mm cuvettes containing 2 ml of incubation mixture (0.3 M Trizma base (Sigma, T1503), 0.5 M ethanol (Merck, 200972) , pH 10.8). The total volume was 3 ml. A reference with 0.4 ml of 0.33 mM NAD solution was always included. After the initial absorbance at 340 nm was recorded in a Zeiss PMQ 2 spectrophotometer, the reaction was initiated by adding 0.05 ml (50 U) of alcohol dehydrogenase (Sigma, A701 1). The steady end-reading absorbance was taken 2-3 min later. Nicotinamide was measured according to the method of Pelletier and Campbell (17), as described by Strohecker and Henning (19) . The pH of a 2-ml sample of each acid extract at room temperature was adjusted to the 4.7-5.3 range by adding approximately 2.2 ml of 0.5 M Na,HPO,. A l-ml sample of each of these neutralized extracts was used for the assay, and a standard solution of nicotinamide (Sigma, N3376) containing 10 ,ug/ml in neutralized perchloric acid was included as a reference. Nicotinamide was stable in ice-cold 5% perchloric acid for at least 5 days, in contrast to the statement of Pelletier and Campbell (17 
RESULTS
Stability of NAD and Nicotinamide in Fragments and Homogenates of Cardiac Tissue tion at room temperature for 30 min, the rates of degradation at different temperatures were similar to those observed with endogenous NAD (Fig. 2) . For these experiments the amount of NAD added to each incubation mixture was of the same order of magnitude as that found in the time 0 samples of homogenates prepared NormaZ hearts. The levels of NAD and nicotinamide in fragments from normal hearts were well preserved during incubation times of 45 min (four dogs) and as long as 60 min (four dogs) (Fig. 1). from normal hearts.
A remarkable decrease of the endogenous NAD and a stoichiometric increase of nicotinamide occurred as soon as the normal cardiac tissue was homogenized (Fig 1) . The NAD degradation rate depended on the temperature of incubation (Fig. 2) , and no hydrolysis was observed in the presence of a high concentration of nicotinamide (4.5 mmol/g wet wt tissue) (Fig. 3) . Moreover, no changes in NAD and nicotinamide levels were detected when the homogenate was prepared in perchloric acid and then incubated at 37°C.
Nonischemic tissue. The initial contents of NAD and nicotinamide (nmol/g) in nonischemic tissue from hearts removed 2 and 24 h after occlusion of the artery were similar to those found in normal hearts. However, a certain amount of NAD was hydrolyzed stoichiometritally to nicotinamide when fragments of this nonischemic tissue were incubated at 37OC (Table 1) . This finding contrasts with the stability observed in ments from normal hearts incubated under the fragsame conditions.
When exogenous NAD was added to homogenates previously depleted of all the tissue NAD by preincubaZschemic tissue. The NAD content in ischemic tissue taken from hearts 2 h after ligature was lower than in nonischemic tissue, and the nicotinamide increase was approximately equivalent to the NAD loss. Furthermore, when fragments of this tissue were incubated at 37OC the changes in NAD and nicotinamide levels were more notable than in the nonischemic tissue. In the ischemic tissue removed 24 h after arterial ligature the initial levels of both compounds were very low, and no further changes were observed after the incubation of fragments of this tissue (Table 1) . It is possible that by this time most of the NAD may have been hydrolyzed and the nicotinamide leaked to the bloodstream.
NAD Glycohydrolase Activity
The NADase activity assayed in vitro with an excess of exogenous substrate was of the same order of magnitude in homogenates prepared with normal, 2-and 24-h ischemic and nonischemic cardiac tissue samples. Moreover, the amount of nicotinamide released was always equivalent to the NAD hydrolyzed (Table 2) , and no hydrolysis was observed in the presence of a high concentration of nicotinamide (4.5 mmol/g wet wt tissue).
DISCUSSION
Our data demonstrate the presence of NAD glycohydrolase in dog heart homogenates on the findings that no exogenous or endogenous NAD was hydrolyzed when an excess of nicotinamide was added to the incubation mixture, that nicotinamide specifically inhibited the NADase with no action on the NAD pyrophosphatase (15), and the amount of NAD degraded was always equivalent to the nicotinamide formed. Consequently, it seems reasonable to assume that this activity is responsible for the degradation of the endogenous NAD observed in the ischemic cardiac tissue while the infarcted heart remains in the dog and that noted during the incubation of fragments of this tissue at 37°C. The fact that the specific activity of NADase as determined under optimal assay conditions was similar to homogenates from normal, acutely nonischemic, and ischemic cardiac tissues is remarkable since all of the enzyme activities studied by Gudbjarnason et al. (10) showed significant changes in ischemic tissue extracts 24 h after coronary artery occlusion.
The extreme conditions of anoxia and ischemia under which fragments of normal hearts were maintained in vitro at 37°C were not harmful enough to stimulate degradation of the endogenous NAD during a short period of incubation, whereas the partial intracellular disorganization occurring in the ischemic tissue after the arterial ligature (5, 13) and the total mechanically induced disruption occurring during the preparation of the homogenized suspension seem to facilitate the reaction between the endogenous substrate and the enzyme.
What might be the possible mechanisms to account for the stability of endogenous NAD in normal tissue and its hydrolysis in ischemic myocardium given that NADase activity appears to be of the same order of magnitude in both?
According to Bernofsky and Pankow (1) the NADase tested in vitro induces a rapid breakdown of free NAD and has only a minimal effect on the enzyme-bound dinucleotide. Therefore, the binding of the NAD to proteins might be an explanation for its stability in normal tissue, as has been proposed by Kaplan (14) . However, two previous observations seem to invalidate this possibility. Green et al. (8) reported that essentially all of the NAD bound to crystalline rabbit muscle glyceraldehyde-3-phosphate dehydrogenase was rapidly hydrolyzed by a highly purified mammalian NADase, and Bernofsky and Pankow (1) found that 80% of the intracellular NAD occurs unbound in the rabbit skeletal muscle. In the present work we have shown that the endogenous NAD degraded by the NADase during the homogenization of the tissue seems to exist in the unbound protein form, since the time periods of hydrolysis at different temperatures were similar to those observed with exogenous free NAD. Consequently, we may conclude that the possible unbinding that may occur during the infarction process or during the mechanical disruption of the tissue is not the primary cause of the rapid degradation of the endogenous NAD observed under such conditions.
Further work is necessary to elucidate how this facilitation occurs in the ischemic cardiac tissue.
On the basis of the present results we can explain our previous findings (16) by assuming that the low levels of nicotinamide coenzymes in ischemic cardiac tissue are due mainly to a hydrolytic degradation catalyzed by the NADase and facilitated by the tissue disorganization. The depletion of the NAD pool may decrease the activity of those dehydrogenases depending on NAD as coenzyme and those requiring it for stability and protection against proteolytic inactivation (8). showed that in nonischemic myocardium the pattern of systolic contraction persists and may even show an increase in amplitude, and they suggested that the increased activity of some of the enzymes could be in response to increased energy requirements 1. On the other hand 7 Jehnings e found that the f~ .ne structure of myocardium t al. (13) from the Bock et al. (2) have presented evidence that the microsomal NADase of the Ehrlich ascites cells is mainly located at the plasma membrane and have suggested that this location could protect the intracellular NAD from being degraded by the enzyme. Preliminary studies by our group indicate that the NADase activity is not present in the cytosol but rather that it is principally to be found in two microsomal subfractions isolated from dog heart homogenates.
On the other hand, Jacobson and Kaplan (12) detected that 90% of the rat liver cell NAD is in the soluble fraction and only 3% in the microsomes.
Consequently, if we assume a similar distribution of the NAD in the normal dog cardiac cell, a topological separation would seem to exist between the major portion of the oxidized form of this coenzyme and the NADase.
Therefore, we suggest that it is possible that the reaction between the endogenous NAD and the enzyme is facilitated in vivo by local tissue alterations occurring after occlusion of the coronary artery and in vitro by the mechanical disruption of the myocardium.
nonischemic region appeared unchanged and conformed in general to the appearance of normal cardiac tissue. It is difficult with the present data to see the significance of the higher rate of NAD hydrolysis that we observed during the incubation of nonischemic tissue fragments and to relate this finding to the suggestion that these portions of the heart may be able to meet additional energy requirements by way of increased aerobic energy metabolism (3).
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